Epitaxial CrO 2 thin films have been grown on TiO 2 (100) and Al 2 O 3 (0001) substrates by atmospheric pressure chemical vapor deposition. The films have a Curie temperature (T c ) of around 393 K with the ones grown on TiO 2 exhibiting in-plane uniaxial magnetic anisotropy. They also display metallic characteristics, with room temperature resistivity of about 285 ⍀ cm, dropping by about two orders of magnitude upon cooling down to 5 K. Magnetoresistance ͑MR͒ properties of the films have been measured with the magnetic field in the plane. For a field of 40 kOe, a positive transverse MR of about 25% at 5 K and a negative MR of about 7% at near T c have been observed. In addition, Hall resistivity has been measured with magnetic field up to 40 kOe. A positive ordinary Hall effect is found at low temperatures, indicating the conduction carriers are holes.
I. INTRODUCTION
Chromium dioxide (CrO 2 ) is a metallic ferromagnetic oxide that has been widely used as a particulate recording medium in magnetic tapes. 1 It has a rutile structure with a tetragonal unit cell ͑aϭbϭ4.419 Å and cϭ2.912 Å͒ 2 consisting of two formula units. The chromium ions are in the Cr ϩ4 state with the electronic configuration ͓Ar͔3d 2 with a magnetic moment of 2 B per ion. Theoretical calculations have predicted CrO 2 to be half metallic, with almost complete spin polarization at the Fermi level. [3] [4] [5] This makes it attractive for fabricating tunnel junction devices with enhanced magnetoresistance ͑MR͒. Indeed, there have been a number of recent reports of large low-field MR associated with intergranular transport of spin-polarized electrons in polycrystalline films and powder compacts of CrO 2 . [6] [7] [8] Since CrO 2 is a metastable phase, it normally has to be synthesized at high oxygen pressures. This has proved to be an impediment for the growth of high-quality thin films because traditional thin film growth techniques usually operate at atmospheric or much lower pressures. Based on some previous work reported in the literature, [9] [10] [11] we have successfully grown epitaxial thin films of CrO 2 by chemical vapor deposition at atmospheric pressure. In this article, we briefly describe the growth and characteristics of the films, along with their magnetic and transport properties.
II. EXPERIMENT
Chromium dioxide thin films have been grown on TiO 2 (100) and Al 2 O 3 (0001) single crystal substrates by chemical vapor deposition using CrO 3 as a precursor. The deposition reactor consists of a two-zone furnace and a quartz tube, in which the precursor powder is placed in a quartz boat in the source zone and the substrates placed on a susceptor in the reaction zone. Oxygen is used as a carrier gas for the sublimed CrO 3 to be transported to the reaction zone where it decomposes on the substrates to form CrO 2 with evolution of O 2 . The source zone temperature and the oxygen flow rate are fixed at 260°C and 100 cc/min, respectively. We have found that over a range of substrate temperature around 400°C, single phase CrO 2 films can be grown epitaxially on TiO 2 and Al 2 O 3 substrates. The film thickness, determined by Rutherford backscattering spectroscopy ͑RBS͒ after deposition, has been varied from 400 to 8000 Å. Ex situ RHEED analysis along with x-ray diffraction and RBS channeling measurements have been used for structural characterization of the films. Standard four-probe dc method has been used for the resistivity measurements, whereas the van der Pauw method is used for the Hall measurements. The magnetic measurements have been carried out using a superconducting quantum interference device ͑SQUID͒ magnetometer.
III. RESULTS AND DISCUSSION
We have investigated the crystalline quality of the CrO 2 films grown on TiO 2 ͑100͒ and Al 2 O 3 (0001) substrates using reflection high-energy electron diffraction ͑RHEED͒. Figure  1 shows ex situ RHEED patterns obtained with the electron beam aligned along two orthogonal zone axes directions for the two substrates. The diffraction patterns observed for the film grown on TiO 2 are sharp and streaky with radial Kikuchi lines indicative of an well-ordered and flat surface. The patterns for the film grown on Al 2 O 3 are also quite sharp, but somewhat spotty indicative of three-dimensional ͑3D͒ growth. We have confirmed that the CrO 2 ͗010͘(b) and ͗001͘(c) axes are aligned with the respective axes of the He ϩ ions suggesting a very high degree of structural perfection. Figure 2 displays the magnetic properties for a 6500 Å CrO 2 film grown on TiO 2 (100) substrate along the b-axis and c-axis directions. The film has a Curie temperature (T c ) around 393 K and exhibits magnetic saturation along the easy c-axis direction at a field not much larger than the coercive field (H c ), which is around 15 Oe at 5 K. The b axis is a magnetic hard direction with anisotropy field (H k ) around 1400 Oe at 5 K. At 300 K, H c decreases to about 10 Oe, whereas H k is reduced to 1000 Oe.
The resistivity, , as a function of temperature for CrO 2 films grown on TiO 2 (100) and Al 2 O 3 (0001) substrates is shown in Fig. 3 . For the film on TiO 2 , at room temperature along the c-axis direction is about 285 ⍀ cm and decreases to about 2.5 ⍀ cm at 5 K. The residual at low temperatures is very sensitive to the structural disorder as suggested from the data of the CrO 2 film grown on Al 2 O 3 (0001). Here a much higher residual is observed presumably because of the growth of multiple domains. In the inset, we show the magnetoresistance for the H field ͑0-40 kOe͒ in the plane and the current direction parallel to the c axis (I ʈ c) at both 5 and 380 K for the CrO 2 film grown on TiO 2 (100) substrate. At Tϭ5 K, the MR is positive with a H 2 field dependence, reaching a value of 25% in the transverse geometry when I ʈ c and H ʈ b. At Tϭ380 K, a temperature somewhat lower than T c , the MR is negative and has a value of about 7% at H ϭ40 kOe. The positive MR at low temperatures is attributed to the Lorentz force, 12, 13 with the MR being enhanced because of the relatively low residual resistivity of our sample. On the other hand, the negative MR observed near T c arises from suppression of the spin disorder scattering. 13 For the films grown on Al 2 O 3 (0001), the MR is very small at low temperatures because of the high residual , but have comparable values near T c . Figure 4 shows the Hall resistivity H as a function of field H and temperature T of a CrO 2 film. The Hall resistivity is measured by the van der Pauw method on a square film sample 0.5ϫ0.5 cm 2 and 3100 Å thick with leads attached at the four corners. The sign of the Hall voltage is determined by comparing the CrO 2 with a nickel film as a standard. The average resistivity of the sample calculated using the van der Pauw method is about 4 ⍀ cm at 5 K and goes up to 220 ⍀ cm at 300 K. Corresponding value of H shown in Fig. 4 are small and positive at Tϭ5 K but at 300 K the Hall resistivity has the structure following the magnetization 4M and H is now large and negative. 
IV. SUMMARY
In summary, we have successively grown CrO 2 thin films epitaxially on TiO 2 (100) and Al 2 O 3 (0001) substrates.
The films have been structurally characterized using ex situ RHEED, x-ray diffraction and ion channeling spectroscopy. A Curie temperature of around 393 K is observed for the films, with those grown on TiO 2 exhibiting a large magnetocrystalline anisotropy. Transport measurements show that films on TiO 2 have a resistivity drop of about two orders upon cooling down from room temperature to 5 K. The residual is related to the structural disorder, with films grown on Al 2 O 3 having a much smaller resistivity drop. Films with a low residual exhibit large positive high-field MR at low temperatures. A negative MR peak is observed near T c resulting from suppression of spin disorder. Hall measurement indicates that the conduction carriers are holes, about 0.3 holes per formula unit.
